In this study, ferrofluids were prepared by colloidal dispersion of paramagnetic Fe 3 O 4 nanoparticles coated with long-chain carboxyl terminated silicone oil in silicone oil. Effect of pH value of the aqueous solution on coating was investigated. The IR and TG analysis indicated that acid conditions favored the coating of carboxyl terminated silicone oil. Stabilities of ferrofluids were characterized by density change and mass specific saturated magnetization change during centrifugation and static settlement observation. The static settlement observation indicated that the prepared silicone-oil-based ferrofluids have better stability than unmodified and oleic acid modified ferrofluids. Finally, the magnetic properties and stability of ferrofluids with different particle mass fraction were characterized.
Introduction
Silicone-oil-based ferrofluids are colloidal dispersions of small single-domain magnetic particles suspended in silicone oil. Silicone oil exhibits excellent thermostability and a relatively small change in viscosity as a function of temperature. Thus, silicone-oil-based ferrofluid is an attractive choice in dynamic sealing, which can adapt to wide temperature range and extremely harsh environment [1] . The ferrofluids are required to show good stability, high saturation magnetization, high initial permeability, low viscosity and saturated vapor when using in sealings area [1] . Stability is the prerequisite for the existence of various characteristics of ferrofluids, hence it is the most important property. Stability is a measure of the ability of the particles to be kept suspended in the fluid for a long period of time, i.e. minimum agglomeration and less sedimentation. The factors affecting the stability of magnetic liquids mainly include particle size, thickness of adsorption layer, existence of surface charge, and solvation between surface layer and carrier liquid. Methods such as static observation, Gouy magnetic balance [2] , ultravioletvisible spectroscopy (UV-vis) [3] , dynamic light scattering (DLS) [4] and small-angle neutron scattering (SANS) [5, 6] , etc. have been used to characterize stability of ferrofluids, including water-based, hydrocarbon-oil-based, deuterated-benzene-based and decahydronaphthalene-based ferrofluids. However, few papers about silicone-oil-based ferrofluids have focused on the stability characterization.
Iron oxide nanoparticles are mostly used as magnetic particles in ferrofluids due to their high saturation magnetization and their high magnetic susceptibility [7] [8] [9] . In order to counterbalance van der Waals attraction and attractive part of magnetic dipolar interaction, colloidal stability of magnetic liquids requires an additional repulsion between the particles [10] . This may be realized through a steric hindrance by coating the particles with surfactant chains [11, 12] . Several kinds of surfactants have been used to prepare silicone-oil-based ferrofluids. Chen et al. used ethoxy terminated polydimethylsiloxane to modify Fe 3 O 4 magnetic nanoparticles [2] . The Fe 3 O 4 magnetic nanoparticles were coated with a SiO 2 layer by the hydrolysis of tetraethoxysilane. The hydrolyzed ethoxy groups of polydimethylsiloxane grafted on the silica shell through chemical bond. Wilson et al. synthesized carboxyl terminated silicone oil surfactant and prepared siliconeoil-based ferrofluids [13] . Hang Zheng et al. prepared silicone-oil-based ferrofluid with oleic acid [14] . JongHee Kim et al. prepared silicone-oil-based ferrofluid with a silicone surfactant of α, ω-(3-aminopropyl) polydimethylsilxane [15] . Magnetic silicone fluids containing mag-netite have also been described in the patent literature [16, 17] . The relation between surfactants and stability of silicone-oil-based ferrofluids have not been researched yet. In this paper, we compared the stability of unmodified, oleic acid modified and carboxyl terminated silicone oil modified silicone-oil-based ferrofluids.
The pH value of the solution affects the surfactant coating on the nanoparticles. Mornet et al. carried out the reaction of anchoring the dextran corona around the magnetite/APS cores at pH 3 [18] . Fang Chen et al. prepared PFPE-oil-based ferrofluids when the pH of the precursor solution was 6-6.5 [19] . Wilson et al. reported that the PDMS stabilizers were absorbed onto the magnetite nanoparticle surfaces via the carboxylate groups in an interfacial reaction under acidic conditions [13] .
In this paper, carboxyl terminated silicone oil (Product code MCR-B12) is chosen as the surfactant, considering that they have carboxylic acid anchors, which may be chemically absorbed on the nanoparticles; moreover, the tail ends could be compatible with the silicone oil. Effect of pH value of the aqueous solution on coating was investigated. The stabilities of ferrofluids were studied by density change and mass specific saturated magnetization change during centrifugation, and static settlement observation. Stable silicone-oil-based ferrofluid was prepared successfully. 
Experimental Procedure

Characterization
The pH value of solution was measured by MP511 pH meter. X-ray diffraction measurements were carried out on a DX-2700 diffractometer, using Cu Kα radiation. The modification effect of the The magnetic properties of nanoparticles and ferrofluids were measured on a Lake Shore 7410 vibrating sample magnetometer (VSM). The density of the samples before and after centrifugal force was measured by a ST-300GM automatic liquid hydrometer.
Results and Discussion
The characterization of MCR-B12 modified magnetite nanoparticles
The XRD patterns of the uncoated and MCR-B12 coated magnetite nanoparticles are shown in Fig. 1 . No obvious difference could be observed among these patterns and a series of characteristic peaks could been seen for (111), (220), (311), (400), (422), (511), (440) and (533) planes of Fe 3 O 4 (PDF 19-0629) [21] . It indicates that the Fe 3 O 4 nanoparticles are synthesized successfully by coprecipitation and the modification does not change the cubic crystal structure of Fe 3 O 4 nanoparticles. During the experiment, it was found that the solution turned pale yellow after the coating process when pH value was 2.03, indicating that magnetite particles had been corroded and decomposed into Fe 2+ and Fe 3+ ions under strong acid conditions (pH =~2). Using the Scherrer equation, the average crystalline sizes according to the main peaks are determined to be 12.51 nm and 10.69-13.12 nm for the uncoated and coated particles respectively. MCR-B12 has no diffraction peaks, thus other characterizations are needed to ensure whether the coating is successful or not.
The FT-IR spectra of the modified Fe 3 O 4 nanoparticles (pH = 2.03, 3.04, 7.02, 9.03) and MCR-B12 are presented in Fig. 2 . From spectra of the modified Fe 3 O 4 nanoparticles, the characteristic peak around 586.62 cm −1 is due to the stretching vibration of the Fe-O and the -OH stretching vibrational band at 3410.03 cm −1 is due to the absorbed water in the sample [22] . Comparing these patterns, it can be seen that the characteristic peaks of MCR-B12 also show in the spectrum of modified Fe 3 O 4 nanoparticles (pH = 3.04, 7.02, 9.03). The absorption peak at 2967.56 cm −1 can be ascribed to the asymmetric stretch of the CH 3 in MCR-B12. The two peaks at 1409. 11 and finally attached to the magnetite nanoparticle surface, so the modification is chemical adsorption [25] . When pH value reaches 2.03, the characteristic peaks of MCR-B12 disappear in the spectrum of modified Fe 3 O 4 nanoparticles, indicating that surfactant coating isn't successful under strong acid conditions. This can be explained that it is very hard to ionize hydrogen ions for MCR-B12 when pH value reaches 2.03. The Fe 3 O 4 nanoparticles are corroded and partly dissolves into Fe 2+ and Fe 3+ under strong acidic conditions, thus influencing the absorption of MCR-B12. It is worth noting that the stronger the acidity of the aqueous solution, the greater the absorption peak intensity, including Si-CH 3 , Si-O-Si, CH 3 absorption peaks, indicating that MCR-B12 could be absorbed on the nanoparticles more easily under acidic conditions. Additionally, when pH value is 3.04, the modified particles after drying and grinding are black. When pH value is 5.02 and 7.02, the modified particles turn a little brownish red. This is due to that the absorbed MCR-B12 amount is not enough to coat the Fe 3 O 4 nanoparticles completely and Fe 3 O 4 nanoparticles are partly oxidized [14] . When pH value reaches 2.03, the modified particles turn brownish red completely, which can be explained that surfactant coating process is not successful and Fe 3 O 4 nanoparticles were severely oxidized. To conclude, the acid condition favors coating of MCR-B12.
TEM images and size distribution histograms of bare Fe 3 O 4 magnetic nanoparticles (a, c) and modified Fe 3 O 4 magnetic nanoparticles (pH = 3.04, m MCR-B12 = 1.74 g) (b, d) and a HRTEM image of a single modified particle (e) are shown in Fig. 4 . The bare Fe 3 O 4 magnetic nanoparticles exhibit serious aggregation and most particles are irregular quadrilateral in Fig. 4(a) . This is due to that both large specific surface area and attraction between magnetic dipoles lead to bare Fe 3 O 4 magnetic nanoparticles spontaneous aggregation. However, the modified Fe 3 O 4 magnetic nanoparticles are homogeneously dispersed without flocculation, globular shaped and clear boundary as shown in Fig. 4(b) . For particle sizes, bare Fe 3 O 4 magnetic nanoparticles range from 6 nm to 19 nm as shown in Fig. 4(c) and the mean size is 11.56 nm. The modified Fe 3 O 4 magnetic nanoparticles are in narrower distribution ranging from 4 nm to 13 nm as shown in Fig.  4(d) and the mean size of the modified Fe 3 O 4 magnetic nanoparticles is smaller, 8.41 nm. This can be explained that MCR-B12 restricted the growth of Fe 3 O 4 nanoparticles by firm chemical adsorption on the surface and also prevented particles agglomeration by steric hindrance of MCR-B12 long chains [27] . Fig. 4(e) is a HRTEM image of a single modified particle with an interplanar spacing of about 0.48 nm corresponding to lattice fringe (111) of Fe 3 O 4 , further demonstrating the crystal structure of the Fe 3 O 4 particles. The lattice fringes demonstrate that highly monocrystalline Fe 3 O 4 nanoparticles were formed. Additionally, the average particle sizes are almost consistent with the average crystalline sizes according to the Scherrer equation. Figure 5 shows the magnetic hysteresis curves of the bare Fe 3 O 4 nanoparticles (a) and the modified particles with different MCR-B12 adding amount 1.04 g (b), 1.40 g (c), 1.74 g (d) and 2.09 g (e) when pH value was 3.04, in which the nanoparticles exhibit superparamagnetic behavior, with no hysteresis. It can be seen that the mass specific saturated magnetization of bare Fe 3 O 4 nanoparticles is 69.98 emu/g, which is obviously lower than that of bulk Fe 3 O 4 (90 emu/g). This phenomenon may be attributed to the small particle size effect since a noncollinear spin arrangement occurs primarily at or near the surface, which results in the reduction of magnetic moment in Fe 3 O 4 nanoparticles [28] . The mass specific saturated magnetization of the prepared Fe 3 O 4 nanoparticles are higher than the reported mass specific saturated magnetization of Fe 3 O 4 nanoparticles in some republished literatures [29, 30] . This can be explained that the magnetic properties of the magnetic nanoparticles are related to the crystallinity [31] . According to the sharp diffraction peaks by XRD and the HRTEM image, the prepared Fe 3 O 4 nanoparticles exhibit good crystallinity. The well-crystallized particles have a thinner non-magnetic surface layer and the less superparamagnetic relaxation [32] . Better crystallinity in Fe 3 O 4 nanoparticles would also result in less crystal defects [32] . Therefore, the superexchange interaction of Fe-O-Fe was strengthened, and the magnetic properties of Fe 3 O 4 nanoparticles were improved. Additionally, the modification reduced σ s from 69.98 emu/g (uncoated Fe 3 O 4 magnetic nanoparticles) to 48.22 emu/g (m MCR-B12 = 1.74 g), which can be explained by two reasons. Firstly, MCR-B12 as a non-magnetic material lowered magnetization per unit mass. Secondly, this could also be attributed to the surface spin effect of Fe 3 O 4 nanoparticles caused by modification [28] . Mass specific saturated magnetization of the modified particles decrease with the increasing MCR-B12 adding amount. This indicates that the surface of Fe 3 O 4 magnetic nanoparticles has enough active binding sites when pH value of solution was 3.04 and physical adsorption may exist.
The characterization of stability of silicone-oilbased ferrofluids
The presence of surfactants layers in ferrofluids is known to lead to an increase in the average distance between particles and, correspondingly, the weakening of the magnetic dipole-dipole attraction. One of the most important factors affecting ferrofluid stability is the concentration of surfactant molecules in solution [5] . In practice, there is an optimal ratio of the contents of magnetic nanoparticles and surfactant, a deviation from which violates ferrofluid stability [6, 7, 33] .
The density of ferrofluid with 10 % particle mass fraction before and after centrifugation when the MCR-B12 addition were 1.04, 1.40, 1.74 and 2.09 g respectively are given in Fig. 6 . The particle mass fraction of ferrofluids is defined as the mass of the magnetic particles as a percentage of the mass of the ferrofluids. The difference between ρ after and ρ before increased first and then decreased with the MCR-B12 amount. When the surfactant amount is too small, the Fe 3 O 4 nanoparticles can't be completely coated by the surfactant, thus the space impedance between the particles is insufficient to resist the attraction between the particles. However, too much dosage of surfactant can result in adhesion between particles thus leading to settlement. In conclusion, the best amount of MCR-B12 was 1.74 g for stability of silicone-oil-based ferrofluid and ρ after /ρ before of ferrofluid was 98.204 %.
Comparing the stabilities of the unmodified (a), oleic acid modified (b) and MCR-B12 modified (c) siliconeoil-based ferrofluids, optical images of these ferrofluids under gravity for 7 days and 14 days are displayed in Fig.  7 . The unmodified ferrofluids (a) turned red after 7 days, which was due to the oxidation of Fe 3 O 4 nanoparticles. The oleic acid modified (b) and MCR-B12 modified (c) silicone-oil-based ferrofluids remained black after 7 days, confirming that surfactant had coated the magnetite nanoparticles successfully and weakened the oxidation. In addition, color of the upper ferrofluids (a) and (b) turned obviously shallower after 14 days. This indicated that the unmodified ferrofluid and oleic acid modified ferrofluid both exhibited serious particle sedimentation under gravity. From the slight color change of the upper ferrofluids (c), MCR-B12 modified silicone-oil-based ferrofluids exhibited best stability. The absorbed MCR-B12 layers effectively counterbalances the van der Waals attraction and attractive part of magnetic dipolar interaction, thus improving the colloidal stability of ferrofluids. Additionally, MCR-B12 was more effective than oleic acid, which can be ascribed to MCR-B12 molecular chain is similar to silicone oil and has good compatibility with the carrier liquid [2, 13, 17] .
3.3. Stability and Magnetic properties of the siliconeoil-based ferrofluids with different particle mass fraction
The stabilities of silicone-oil-based ferrofluids with different particle mass fraction were investigated. Fig. 8 presents the density of ferrofluids with different particle mass fraction before and after centrifugation. The difference between density before and after centrifugation increases with the particle mass fraction, which indicates the stability of ferrofluids decreases with the increasing particle mass fraction. The decline is chiefly attributed to that the increasing interparticle interaction with the particle mass fraction presses the surfactant tails in the layer closer against the magnetite surface, thus leading to particle agglomeration [34] . When particle mass fraction increases from 30 % to 40 %, the thickness of the surfactant layer decreases significantly [35] . This also points to the interlacing of surfactant tails in the layer caused by the interparticle interaction. Additionally, it is difficult to disperse the particles evenly into the silicone oil when the particle mass fraction reaches 30 %-40 %.
The magnetic properties of ferrofluids are closely related to stabilities [19] . Fig. 9 shows the σ s of the top layers of ferrofluids with different mass fraction before and after centrifugation. Silicone-oil-based ferrofluids with 5 %, 10 %, 20 %, 30 % and 40 % particle mass fraction displayed a mass specific saturated magnetization of 0.75, 2.06, 4.27, 7.26, 10.99 emu/g before centrifugation and 0.65, 1.64, 3.08, 4.75, 6.13 emu/g after centrifugation. The σ s of the ferrofluids increases with the particle mass fraction. After centrifugation, the σ s of the top layers of ferrofluids decreases. The centrifugation force can destroy the interaction between the magnetic particles and surfactants, thus the magnetic nanoparticles tend to agglomerate and settle [10] . After centrifugation, the large particles and aggregates in ferrofluids deposit at the bottom of the centrifuge tube, and the σ s of the top layers of ferrofluids decrease correspondingly. When ferrofluid is unstable, the particle subsidence is quite serious and the magnetic property of the top layer of ferrofluids decreases greatly. Thus, the stability can be characterized by the change of magnetic properties of the top layer of ferrofluids. The difference between σ s before and after centrifugation increases with the particle mass fraction, from the inset, σ s after/before centrifugation decreases with the increasing particle mass fraction. These results indicate that the sedimentation of particles is more serious and the stabilities of ferrofluids decrease with the increasing particle mass fraction, consistent with density change analysis. In practical dynamic sealings, magnetic properties and stability of ferrofluids both have great influence on sealing effects. There must be a balance between magnetic properties and stability for ferrofluids, and the sealing effect may be the best.
Conclusions
In this study, ferrofluid was prepared by colloidal dispersion of paramagnetic Fe 3 O 4 nanoparticles coated with long-chain carboxyl terminated silicone oil (MCR-B12) in silicone oil. MCR-B12 is absorbed onto the surface of Fe 3 O 4 magnetic nanoparticles through chemical bonds and the modified Fe 3 O 4 magnetic nanoparticles are globular shaped and monodisperse whose particle size are in a narrow distribution (4-13 nm). TG analysis indicates that acidic conditions favors the MCR-B12 coating. When the mass of MCR-B12 was 1.74 g, the obtained siliconeoil-based ferrofluid were most stable. The digital photographs indicate that ferrofluids have better stability than unmodified ferrofluids and oleic acid modified ferrofluids. The magnetic properties of ferrofluids increase with the particle mass fraction, however, the sedimentation of particles is more serious and the stabilities of ferrofluids decrease with the increasing particle mass fraction. In practical dynamic sealings, there must be a balance between magnetic properties and stability for ferrofluids, and the sealing effect may be the best.
